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Abstract
In this paper, effects of external hydrostatic pressure on the cutting characteristics are investigated. 
Orthogonal cutting experiments are conducted in a high pressure chamber using four kinds of 
materials; two of them are brittle materials and the others are ductile materials. Chip formation 
processes of soda glass specimen are studied by in-situ observation. It is confirmed that chip formation 
style changes from the crack type to the segmented chip type, then to the continuous chip type with the 
increase of hydrostatic pressure. Furthermore, cutting forces under various hydrostatic pressures are 
measured, and effects of hydrostatic pressure on the cutting forces are studied. It is found that 
hydrostatic pressure increases the cutting force in the brittle mode cutting of glasses, but does not 
affect the cutting force in ductile mode cutting. In case of ductile materials, hydrostatic pressure 
increases the cutting force of polycarbonate too, but does not affect the cutting force of pure aluminum. 
Based on those experimental results, mechanism of hydrostatic pressure effects on cutting 
characteristics is discussed.
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1 Introduction
Non-metallic inorganic materials, such as glass, silicon, quartz and ceramics, are widely used in 
recent high technology industries. They have unique and superior properties, in terms of mechanical, 
electrical, chemical or physical characteristics. Their superior material properties are due to their 
strong covalent binding or the ion binding, but they also exhibit hard/brittle mechanical characteristics. 
These hard/brittle materials are often broken by cracking or chipping when they are machined by a 
usual single point tool. Thus, these materials are usually machined by gentle machining processes, 
such as grinding, polishing and etching. However machining performances of these gentle machining 
processes are lower than those of machining by a single point tool, and they are disadvantageous in
terms of throughput, flexibility in shape, cost etc.
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In order to overcome this problem, many researchers have been studying ductile mode cutting of 
hard-brittle materials [Puttick, ࡯࠿ 1989] (Shimada, et al. 1995) (Inamura, et al. 1997) (Nakatsuji, et 
al. 1990) (Blake and Scattergood 1990) (Ichida, et al. 1991) (Bifano, Dow and Scattergood 1991) (Wu, 
Morita and Yoshida 1993) (Yoshino and Shirakashi, Ductile Mode Cutting of Glass 1993). It was 
reported that many hard-brittle materials can be machined in the ductile mode when the depth of cut is 
smaller than the critical depth of cut, in which cracking or chippings can be prevented. One of 
effective methods to improve efficiency of ductile mode cutting is to increase the critical depth of cut. 
Many researchers had proposed new ideas of ductile mode cutting, for example, the machining with 
plasma jet assist (Kitagawa and Maekawa 1990), and machining with the ultrasonic tool vibration
(Moriwaki, Shamoto and Inoue 1992)
On the other hand, it is known that the critical depth of cut increases by using a high-negative rake-
angle tool. It is attributed to increase of hydrostatic pressure in the vicinity of a tool edge induced by a 
negative rake-angle tool. According to fracture mechanics, hydrostatic stress prevents growth of 
micro-cracks that results in a large crack in a material, and it is effective to enlarge the critical depth of 
cut of hard-brittle materials. Inspired from these background, authors conducted cutting experiments in 
a high pressure chamber, where hydrostatic pressure up to 400MPa was applied to whole of a 
machining tester including a work material and a tool. Their experimental results had shown apparent 
increase on the critical depth of cut of many hard/brittle materials by hydrostatic pressure, such as 
soda glass, quartz glass, silicon wafer etc. (Yoshino, Aoki, et al., Some Experiments on the Scratching 
of Silicon in-situ scratching inside an SEM and scratching under high external hydrostatic pressures 
2001) (Yoshino, Ogawa and Sivanandom, Machining of Hard-Brittle Materials by a single point tool 
under High Hydrostatic Pressure 2005) (Yoshino, Aoki and Shirakashi, Scratching Test of Hard-brittle 
Materials under High Hydrostatic Pressure 2001). However, detail of the cutting characteristics under 
high hydrostatic pressure has not been revealed yet.
In this paper, therefore, the author aims to conduct orthogonal cutting experiments in a high 
pressure chamber, and to study effects of external hydrostatic pressure on the cutting characteristics. A 
new experimental device is developed, and then in-situ observation of chip formation processes under 
high pressure is presented. Furthermore, effects of external hydrostatic pressure on the cutting forces 
are examined by the orthogonal cutting experiments in the high pressure chamber. Based on those 
experimental results, mechanism of hydrostatic pressure effects on cutting characteristics is discussed.
2 Experimental Devices and Experimental Method
Figure 1 illustrates the construction of the new cutting test device developed for orthogonal cutting 
experiments under high hydrostatic pressure. It consists of a pressure vessel, an orthogonal cutting 
tester, a high pressure pump system, a motor controller, a microscope, a data acquisition system, and a 
computer. There is a chamber inside the pressure vessel, whose size is 80 mm in diameter and 300 mm 
in length. The orthogonal cutting tester is installed in the chamber. The pressure medium is water, and 
it is filled in the chamber during experiments. The pump system generates high pressure up to 400MPa. 
There is a window made of an artificial sapphire at an end of the chamber. Cutting process inside the 
chamber is observed by the microscope through the sapphire window.
Figure 2 (a) shows structure of the orthogonal cutting tester. The cutting tester consists of an x-
stage, a workpiece holder, a diamond tool, a tool holder and stepper motors. The workpiece holder is 
built on a load cell that measures the principal cutting force. The workpiece holder and the load cell 
are mounted on the x-stage, which is driven to horizontal direction by a stepper motor. The stepper 
motors have been modified so that they work in the pressure medium. Cutting speed was 10 mm/min. 
Figure 2(b) illustrates a tool and a workpiece observed from the window side. A diamond tool is 
mounted on the tool holder. Depth of cut is controlled by a lever and link mechanism shown in Figure 
2(c). A cam and a stepper motor are set at an end of the lever. When the cam pushes down the lever, 
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this motion is transferred to another end of the lever by link mechanism. The lever at another end 
pushes up the right end of the tool holder as shown in Figure 2(c). Because the tool holder is supported 
by a parallel plate spring at the right end, the tool holder is moved up parallel. There is another parallel 
plate spring mechanism on the tool holder, on which a diamond tool was mounted. Vertical cutting 
force is measured by distortion of the plate spring, on which strain gages are pasted. The strain gages 
are connected to the strain gauge amplifiers installed out of the chamber, and their data is recorded by 
the computer.
Figure 3 illustrates a microscope system developed for in-situ observation of a cutting process. The 
microscope has a coaxial illumination system, a CCD camera, a light source. The tool and the work 
piece in the chamber were observed by the microscope thorough the sapphire window. The 
microscope images were captured by the CCD camera, and the image movies were recorded by a 
FRPSXWHU0DJQLILFDWLRQRIWKHPLFURVFRSHLVWLPHVDQGLPDJHUHVROXWLRQLVȝP
Diamond tools of various rake angles, i.e., -10, -5, 0 and 5 degree, were used in the experiment. 
Width of these tools was 2 mm, and their clearance angle was 5 degrees. Figure 4 shows an SEM 
micrograph of a tool edge. (a) is a low magnification image, and (b) is a high magnification image of a 
tool after machining experiment. Tool edge radius was estimated to be around 100 nm. 
Figure 1: Experimental setup for machining test under high hydrostatic pressure
Figure 2: Schematic illustration of the orthogonal cutting tester.
(a) 
(b) (c) 
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Figure 3: Microscope system

Figure 4: SEM micrograph of tool edge of a single crystal diamond
Soda glass, quartz glass, polycarbonate and pure aluminum were used as workpiece specimens. 
The thickness of a specimen was 1.0 mm, and its size was 10 x 20mm. Specimens, except for pure 
aluminum, were coated with gold so that they can be easily observed by the microscope. After a
specimen and tool were mounted, the cutting tester was inserted in the chamber. Then, pressure 
medium (water) was filled in the chamber. Experiments were conducted under various levels of 
hydrostatic pressure, i.e. 0 MPa, 50 MPa, 100MPa and 150 MPa. During cutting experiment, chip 
formation was observed by the microscope, and cutting forces were measured simultaneously. 
3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Effect of hydrostatic pressure on chip formation of soda glass
Cutting experiment of a soda glass specimen was conducted under various hydrostatic pressure, 
and chip formation processes were observed by the microscope. Rake angle of the tool was 0 degree. 
The specimen was fixed on the work holder  obliquely slightly. The depth of cut was almost zero at 
the beginning of a cutting stroke, but it was increased gradually with progress of a cutting. The depth 
of cut became maximum at the end of the stroke. Although the depth of cut was not measured 
accurately, it was evaluated to be lesVWKDQȝP
Figure 5 shows microscope images obtained from frames of the movies. These images  show 
typical chip formation processes of soda glass specimens. In (a), the hydrostatic pressure was 0 MPa, 
and the chip was broken into small segments, which looked like powder. In the movie, cracking 
occurred occasionally, and the cracks propagated into the specimen. This is categorized to the crack 
type that generates chippings on the finished surface. In (b), hydrostatic pressure was 100 MPa, and 
the chip was broken into small segments (powder) as same as (a), but cracking did not occur. This is 
categorized to the segmented chip type. In (c), hydrostatic pressure was 200 MPa, a continuous chip 
was generated, and cracking did not occur. This is categorized to the continuous chip type. Although 





faceRake face Rake face
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Figure 6 shows microscope images of finished surface of soda glass machined under 150MPa. In 
this experiment, depth of cut was controlled constant during a cutting stroke. When the depth of cut 
was smaller than 0.6Pm, segmented chip was generated, and most area of finished surfaces, more than 
70%, was flat. However, many small cracks also existed on the finished surface. On the other hand, 
when the depth of cut was 0.9Pm, crack type cutting occurred. Most of finished surface was occupied 
with many chippings, and ratio of flat area was less than 20%. Appearance of finished surface was 
changed drastically with change of depth of cut. Accordingly, the continuous chip type and the 
segmented chip type is regarded as the ductile mode cutting, and the crack type is regarded as brittle 
mode cutting. Similar feature was observed in cutting experiments under different hydrostatic pressure.
Figure 5: Observed machining processes under various hydrostatic pressure; (a) 0 MPa, (b) 100 
MPa, (c) 200 MPa.
Figure 6: Finished surface of soda glass machined under 150 MPa. Upper image is observed by 
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3.2 Cutting force
Cutting experiment was conducted using a soda glass specimen under three levels of hydrostatic 
pressure, 0MPa, 100MPa and 150MPa. The rake angle of the tool was -10 degree. Many strokes of 
cutting experiment was conducted on the same specimen, and end positions of cutting stroke were 
shifted as shown by Figure 7. After the cutting experiment, the finished surface was analyzed by AFM. 
The depth of cut was measured by the height of the steps that were generated at the end position of 
each stroke.
Figure 8 shows variations of the cutting forces of soda glass against the depth of cut; (a) the 
principal cutting force, and (b) the thrust cutting force. Solid symbols indicate data that chipping was 
not found in a cutting stroke, whereas open symbols indicate that chipping was observed. Vertical 
dotted lines indicate the critical depths of cut, where the cutting mode changed from ductile to brittle. 
These graphs indicate that the critical depth of cut was increased by hydrostatic pressure. Solid lines 
are approximate lines of solid symbols. These lines do not pass 0 N when the depth of cut LVȝP
This is mainly due to tool edge roundness. Another reason is measurement error of the cutting force
due to drift of output signal of the strain gauges by effect of hydrostatic pressure. It is found that 
gradient of the approximate lines are almost constant regardless of applied hydrostatic pressure. The 
specific cutting forces were 1000 N/mm2 both for the principal cutting force and the thrust cutting 
force. What is interesting is that the open symbols (cutting forces of crack type) are located beneath 
the extended approximation line of 100 MPa. Specific cutting force reduces when chipping occurs. 
The specific cutting energy evaluated using the approximation lines was 1.4J/mm3.
Figure 7: End position of cutting strokes in cutting experiment.
Figure 8: Variations of cutting forces of soda glass under various hydrostatic pressure; (a) 
principal cutting force, (b) thrust cutting force.
Figure 9 shows variations of the cutting forces of quartz glass under hydrostatic pressure of 0MPa 
and 100MPa. Rake angle of the tool was 0 degree in (a) and (b), and -10 degree in (c) and (d). Solid 
symbols present the cutting forces of ductile mode cutting, whereas open symbols present those of 
brittle mode. Vertical dashed lines indicate the critical depth of cut of each hydrostatic pressure. Solid 
lines are approximate lines of solid symbols. Effect of hydrostatic pressure on the cutting forces were 
(a) (b) 
100MPa 150MP0MPa 100MPa 150M0MPa
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not apparent, but the critical depth of cut were increased by increase of the hydrostatic pressure. 
Gradient of the approximate line depends on the rake angle. Thus, the specific cutting forces in the 
ductile mode cutting, which are presented in each graph as kp and kt, depend on the rake angle. These 
specific cutting force of quartz glass is much larger than that of soda glass. This is because hardness of 
quartz glass is much larger than hardness of soda glass. It is also found in (a) and (b) that the cutting 
forces in brittle mode (open symbols) were lower than the approximate lines of ductile mode cutting 
as the same as soda glass. The specific cutting energies of quartz glass evaluated from the specific
cutting forces are 3.6J/mm3 by the 0 degree tool, and 17J/mm3 by the -10 degree tool. They are much 
larger than the specific cutting energy of soda glass.
Figure 9: Variations of the cutting forces of the quartz glass under various hydrostatic pressure; 
(a) Principal cutting force 0 degree, (b) Thrust cutting force 0degree, (c) Principal cutting force -
10 degree, (d) Thrust cutting force -10 degree.
Figure 10 shows effect of hydrostatic pressure on the principal cutting force of ductile materials; 
(a) polycarbonate, and (b) pure aluminum. In (a), gradient of the graph increased with hydrostatic 
pressure, effect of hydrostatic pressure on the cutting force is apparent. In contrast, in (b), differences 
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Figure 10 Effect of hydrostatic pressure on principal cutting force of ductile materials; (a) 
polycarbonate, (b) pure aluminum
4 Discussion
From the experimental results are summarized as follows,
(A) Effect of hydrostatic pressure is small for the specific cutting force in the ductile mode cutting.
(B) Cutting mode changes from brittle mode to ductile mode by the effect of hydrostatic pressure.
(C) The specific cutting force in the brittle mode cutting is lower than that of the ductile mode 
cutting.
(D) Hydrostatic pressure increases the specific cutting force of polycarbonate.
(E) Hydrostatic pressure does not affect the specific cutting force of pure aluminum. 
(A) and (B) are explained by the fracture mechanics. Figure 11 illustrates an orthogonal cutting 
model of a glass workpiece. Stress is concentrated near the tool edge when a cutting stroke starts. 
When the stress become very large, cracks propagation occurs in the glass workpiece. If a crack 
propagates upward direction (Crack II), a chip is separated into small segments, and causes the ductile 
mode cutting. In contrast, if a crack propagates downward direction (Crack I), the crack penetrates into 
the workpiece and the crack type cutting occurs. This results in the brittle mode cutting. 
Because plastic deformation of a segmented chip is small, most of energy supplied from the cutting 
force is consumed for crack propagation energy. Here, S denotes the area of a crack, and b denotes 
width of a crack. Since S is assumed to be proportionate to the depth of cut t1, S is expressed as
 bCtS 1# (1)
where C is a coefficient dependent on crack shape. Then, the energy for a crack propagation Wc is 
calculated as
  JSWc 2 (2)
where Ȗ is the surface energy per unit area of the crack. According to the fracture mechanics, Ȗ is 






Thus, energy for a crack propagation Wc is calculated as
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Figure 11 Orthogonal cutting model of shear type chip formation.
In the meanwhile, here Nc is defined as the number of cracks generated in cutting length L. Since 
the cutting energy WF is equal to the energy used for crack propagation, the following equation is 
obtained.
ccHF WNLFW   (5)



















k    (6)
It is known that many micro cracks exist in a hard brittle material. Stress induced by a cutting 
operation acts on these micro cracks in the vicinity of the tool edge, and stress concentration occurs at 
the tip of the micro cracks. Micro cracks starts propagation when stress satisfies the following fracture 
condition.
ICI KK t (7)
KI is the stress intensity factor calculated by the following equation.
aKI SV (8)
where a is length of a crack, ı is tensile stress acting on the tip of a crack. 
As shown in the orthogonal cutting model shown in Figure 11, the crack II propagates in the same 
direction as the shear plain, where maximum shear stress Ĳmax is acting. This means that crack II is
attributed to the mode II fracture. Therefore, equations (7) and (8) should be modified as follows,
IICII KK t (9)
aK II SWmax (10)
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where KII is the stress intensity factor of mode II. In the meantime, the crack I propagates downward. 
Its direction is considered to be almost 45 degree from the crack II. This direction is close to the 
direction of maximum principal stress ı1. Therefore the crack I is attributed to the mode I fracture, 
where equations (7) and (8) are valid. 
When external hydrostatic pressure p is applied to the workpiece, the stress ı1is decreased for p,
and the stress intensity factor KI is also reduced.
PII KKapaapK    SSVSV )(' (11)
Thus, equation (7) is modified as follows,
ICPI KKK t (12)
'ICPICI KKKK  t (13)
This means that hydrostatic pressure increases the apparent fracture toughness KIC’. By 


















k    (14)
This equation indicates that the specific cutting force in the brittle mode cutting is increased by 
external hydrostatic pressure. 
However, in case of ductile mode machining, where segmented chip is generated by crack II, the 
maximum shear stress Ĳmax is not affected by hydrostatic pressure. Therefore, the stress intensity factor 
equation (10) is not reduced by high hydrostatic pressure. In this case, the specific cutting force is  not 
changed as mentioned in (A). 
Change of cutting mode by hydrostatic pressure mentioned in (B) is explained by change of crack 
direction from crack I to crack II. In a cutting process, high stress region appears around the tool edge 
in the workpiece. Figure 12 illustrates the stress acting on a micro crack in the high stress region. With 
forward movement of a cutting tool, the stress is increased, and the Mohr’s stress circle is enlarged.
When the principal stress ı1 reaches the fracture criterion of mode I, as illustrated by O1 and ǻ1, the 
crack I propagates into the workpiece, and the brittle mode cutting occurs. However, if external 
hydrostatic pressure p is applied to the workpiece, the Mohr’s stress circle is shifted to minus direction
as shown by O1’, and propagation of crack I is prevented. With further movement of the cutting tool, 
stress increases more, and the Mohr’s stress circle is magnified. If hydrostatic pressure is sufficiently 
large, the maximum shear stress reaches the fracture criterion of mode II before the principal stress 
reaches that of mode I, as shown by O2 and ǻ2. Then, crack II propagates upward direction, and the 
chip is broken into small segments. As a result, cutting mode changes from the ductile mode (crack I) 
to the brittle mode (crack II) by applying hydrostatic pressure.
In this model, the stress is increased when crack type changes from crack I to crack II, as 
illustrated by change from O1' to O2 . This increase is reflected to increase of the cutting force. 
Therefore, the cutting force in the ductile  mode (crack II) is larger than that of the brittle mode (crack 
I). Therefore, the specific cutting force in brittle cutting mode is lower than that in ductile mode as 
mentioned in (C). 
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Figure 12: Mohr's stress circle in the vicinity of tool edge.
(D) is due to increase of hardness of the polycarbonate work piece by external hydrostatic pressure. 
According to author’s preliminary validation, hardness of many polymers is increased by external 
hydrostatic pressure. [Yoshino, Namatame, ࡯࠿ 2010] Thus, plastic deformation energy for 
continuous chip formation is also increased. As a result, the specific cutting force is increased by 
hydrostatic pressure as seen in Figure 10(a). 
(E) indicates that hardness of pure aluminum is not affected by hydrostatic pressure. Some 
researchers reported increase of hardness of some metallic materials under high hydrostatic pressure 
up to hundreds MPa (Bridgman 1952). However, its effect is slight under hydrostatic pressure of 200 
MPa. Friction on the rake face is also influenced by external hydrostatic pressure, but Figure 10(b)
indicates that its effect is not apparent. 
5 Conclusion
Effects of external hydrostatic pressure on the cutting characteristics were investigated using four 
kinds of materials as workpiece specimens.
1) Chip formation under hydrostatic pressure was observed using a newly developed cutting test 
device, and it was confirmed that type of chip formation changed from crack type to continuous 
chip type with the increase of hydrostatic pressure. 
2) Effect of hydrostatic pressure is small for the specific cutting force in ductile mode cutting, but 
apparent specific cutting force in brittle mode cutting is smaller than that of ductile mode cutting. 
These mechanism was explained based on the crack propagation model, in which effect of 
hydrostatic pressure on the crack propagation energy is evaluated. 
3) Cutting force of polycarbonate is increased by hydrostatic pressure. This is attributed to increase 
of hardness of polycarbonate by hydrostatic pressure. In contrast, cutting force of aluminum is 
not affected. 
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